Abstract: There are many requirements engineering (RE) methods that assist in elicitation, analysis and management of requirements. Each providing benefits enabling teams to control the inefficiencies associated with the application of a 'one size fits all' process. In a time-to-market driven (or rapid) development environment the challenges of applying these methods to system requirements management is extremely complex. This paper provides a comparative analysis of some common RE methods based on the IEEE 1233 standard. IEEE 1233 was selected in presenting this methodology since it provides excellent guidance in developing requirements and as a result strengthens the most crucial aspects of the frontend of system development. In this paper, the authors have proposed a framework called 'Eff-REM QChar' (an effective RE method framework based on quality requirement characteristics) for selection of the RE method best suited for the development situation and environmental constraints.
where she brought together the centralised functions of engineering and created a centre of excellence in quality management, project management and systems engineering. At Sun Microsystems, she held the position of Director, Software Engineering, where she introduced new verification methods to test the robustness of the products' system recovery capabilities and led numerous initiatives in the quality efforts for diagnosability, serviceability and fault management.
Introduction
Today the market is inundated with requirements engineering (RE) best practices (Cooper and Wootton 1999; Masoulas 1998) and tools that are based on some commonly used requirements development methods. This paper provides a comparative analysis of these methods focusing on both the process and the requirements product output. The analysis is based on how the requirements development process is being supported by each method and the characteristics of the requirements that are emphasised in the method. In the current times of time-to-market pressures and emphasis on efficiency of resources the proposed methodology of selecting the most effective RE method appropriate for a given development project is of utmost importance. By prioritising characteristics that are important for the project and by selecting a RE method that supports such characteristics, projects are able to save time and focus on what is really relevant and important for the project. The results based on such an analysis involving comparison of different RE methods are intended to help system engineers or system analysts choose a method that best supports their requirements development environment. To ensure a common level of understanding, this paper first provides an overview of the RE process and characteristics of good requirements. Then, it introduces the selection criteria framework (Eff-REM QChar) which evaluates 14 requirements methods against a set of acceptable requirements characteristics based on IEEE 1233.
There is a multitude of RE methods published in various literature sources (Cooper and Wootton, 1999; Dore et al., 2007; Yang et al., 2005) . This paper presents the research of only 14 selected methods and their application to the framework as an initial evaluation presented in Table 1 . Utilising a case study, the framework is applied providing a recommendation of the requirements development methodology that best suits the development environment. This paper is designed as an introduction and application of the framework and is not meant to be all encompassing for all requirements methods. The methods selected were based on their support of the IEEE 1233 requirements development process. 
Background
A problem can be clearly understood if there exists a model that explains what is needed in a clear, consistent, precise and unambiguous statement (Bell and Thayer, 1976) . The process which can provide such a model for problem formulation is called RE. The requirements for a system do not arise naturally; instead, they are engineered and continually reviewed and revised (IEEE 1233 (IEEE , 1998 Jain et al., 2010) . The significance of doing the requirements right has been emphasised by all researchers on this topic. Boehm estimated that the late correction of requirements errors could cost up to 200 times of the correction cost during such RE (Boehm, 1981) . Many similar analyses indicate a need for an engineering process to design, architect and manage requirements (Amuthakkannan et al., 2008; Dore et al., 2007; Kokol, 1999; McManus, 2001) . Various commonly known benefits of a good RE process are:
1 the standardisation of communication among engineering communities through common terminology 2 providing guidance in the effective development and management of requirements 3 providing the avenue for comparison measurements and improvements 4 reducing time to market 5 improving project planning processes by creating a reproducible methodology for assessing possible risks to plans, data driven decision making, resource optimisations and supporting quality initiatives (Baida et al., 2003; Basoglu et al., 2009; Field, 1996; Novorita and Grube, 1996) .
To begin this analysis, a common understanding of terms is required. The following terms and their definitions provide the foundation for this framework.
"System requirements engineering process (SREP) is a systematic and comprehensive approach to the development, allocation and management of functional, performance and interface requirements and design constraints over the system or product life cycle." (Field, 1996) "RE is the formulation of the requirements and consists of identifying the needs of the client and translating the needs into constraints, controls, and measures for implementation." (White et al., 1996) "It involves a careful assessment of the needs that a system is to fulfill based on current or foreseen scenarios, which may be internal operations or an external market. It should state clearly the system's required features and how it would implemented." (Ross and Schoman, 1977) 3 Process-based comparison of requirement development methods
In some cases RE becomes a complex process as the scope could be fairly broad, ranging from a world of human organisations or physical laws to a technical artefact that must be integrated in it; from high-level objectives to operational prescriptions and from informal to formal (Al-Salem and Abu-Samaha, 2007; Yadav Prakash et al., 2006) . RE has been an exigent discipline for decades and continues to challenge many teams in today's development environment. However, there is an increasing awareness of the processes and procedures that are needed for effective engineering of requirements. This paper discusses the comparative analysis of some common requirements development methods, also called RE methods. An analysis was performed as part of an ongoing research to study and understand how to induce rapidity into the RE phase of system development. Some common techniques of requirements development were studied and proved to support a fundamental requirements theory and method.
Comparative analysis
IEEE 1233 discusses the effective requirements development process and the characteristics of good requirements (IEEE 1233 (IEEE , 1998 . Using this standard as a benchmark, the development process and requirements characteristics provide a comparative analysis on process and product of RE methods, respectively. Within the standard, all the stakeholders of the system, from users to developers, are a part of the context of requirements development as shown in Figure 1 . The system requirements development process, in general, interfaces with three external agents the customer, the environment and the technical community. The RE methods influence and provide the basis for the complex RE practices that exists today. To manage the complexities and constraints of system requirements development, it is important to select a RE method and tailor it to suit the system under consideration. The first step of selecting a requirements development method is to understand how it addresses each step in the RE process. The system requirements development process used for the purpose of our comparison study is shown in Figure 2 . System requirements (SyRS) development is an iterative process (Dereli et al., 2008) . The four sub-processes of requirements development are as follows: identify requirements from the customer, the environment and the experience of the technical community; build well-formed requirements; organise the requirements into a SyRS and present the SyRS in various representations for different audiences (Al-Salem and Abu-Samaha, 2007) . A more detailed description of the context diagram and the subprocesses can be obtained from IEEE 1233 (1998).
The requirements development activities associated with each of the RE methods listed in Table 1 were studied and reviewed. These activities are based on existing literature describing the requirement development activities. Then, the activites were mapped to the SyRS process shown in Figure 2 . The actvities corresponding to each RE method were categorised into the four sub-processes of the SyRS process, namely, identification, build, organisation and presentation. Table 2 describes how these four subprocesses are executed in each method. This relationship between the sub-processes and the RE methods highlights the suitability of a specific method to a given project purpose. The comparison shows that most of these methods address all the four sub-processes of requirements development phase partially or fully, however, these methods differ in their approach to each sub-process and the artefacts developed as a result of these approaches. Completing this analysis aids in identifying the appropriate method for a given system development context and environment. For example, the volatility of the system development environment can drive how the requirements can be identified (by modelling or scenarios or goals or functions). In a highly information centric systems, it is appropriate to use data models and entity relationships to identify requirements. How each method builds, organises and presents the developed requirements also drives the appropriateness of the method to the given system development context and environment.
Table 2
Comparison of system requirements development process of RE methods
RE method Identify requirements Build well-formed requirements Organise Present requirements
Set theory (Carson, 1995; Zhu and Jiang, 2005) (Heitmeyer et al., 1996 (Heitmeyer et al., , 1998a Mode 
Product-based comparison and selection of requirement development methods
In this section, the requirements development methods are compared and analysed based on the quality of requirements developed and achieved by using these methods. We use the term 'product-based comparison' for this analysis as requirements are the products that are developed using these methods. Requirements can be characterised as "A statement that identifies the product or process operational, functional or design constraints or characteristics, which is unambiguous, testable or measurable, and necessary for a product or process acceptability (by consumers or internal quality assurance guidelines)." (IEEE 1220 (IEEE , 2005 "A well-formed requirement is a statement of system functionality (a capability) that can be validated, must be met or possessed by a system to solve a customer problem or to achieve a customer objective, and is qualified by measurable conditions and bounded by constraints." (IEEE 1233 (IEEE , 1998 
Requirements classifications
The requirements can be classified as: (Novorita and Grube, 1996) User requirements are obtained from the system end-users and customers. It represents the market need. These determine the profit potential and these are not stable. They become the stability points in the system design.
Business requirements represent the formal mechanism through which business strategies are distilled into elements that have impact on the requirements process. These include enterprise requirements and corporate partnership.
System requirements provide the key stabilising point to a volatile user/market requirements process which needs technical guidance. These requirements are the point in the process where the majority of the complex business requirements must be allocated or supported in conjunction with the user requirements. All the issues including multigenerational system release strategy, legacy system reuse, cost, cycle time and quality are taken into account by these system requirements. All these requirements fall into two main categories; functional and non-functional. Functional requirements capture the nature of interaction between the component and its environment. Non-functional requirements constrain the solutions that might be considered.
Although, Table 2 provides details on how the requirements are developed it does not provide details on how well they are developed. Hence as a sequel, these methods were compared based on how they build, verify and validate the identified requirements resulting in requirements that demonstrate IEEE's characteristics of good. Efficient and effective requirements development methods should be able to develop requirements that have all of the required characteristics of good requirements as stipulated by IEEE 1233 as follows:
Unique: each requirement should be stated only once.
Normalised: requirements should not overlap, that is, they shall not refer to other requirements or the capabilities of other requirements.
Linked set: explicit relationships should be defined among individual requirements to show how the requirements are related to form a complex system.
Complete: all requirements identified by the customer as well as those needed for the definition of the system should be included.
Consistent: the level of detail, style of requirement statements and presentation of material should be consistent and non-contradictory.
Bounded: the boundaries, scope and context of the set of requirements should be identified.
Modifiable: the requirements document should be modifiable.
Configurable: versions should be maintained by time and across instance of the documentation.
Granular: This should be the level of abstraction for the system to be defined.
In Table 3 , each of the 14 RE methods were analysed to ascertain the extent to which their activities as shown in Table 2 focus on one or more characteristics of good requirements as their target. Table 3 was not developed by merely matching the characteristics to the RE methods randomly, instead, it illustrates the extent to which each of the 14 RE methods can process and develop requirements that have the above mentioned characteristics. These characteristics of the requirements developed depend on the requirements development process. Therefore, the quality of the resulting product (requirement) is an outcome of the methodology (RE method) used and process followed in developing such a product. For example, if an RE method has placed emphasis on traceability across requirements during build and organisation phases then as a result a set of normalised linked requirements may be developed. 
Applying the technique to a case study
International Game Technology Corporation (IGT) is a global company specialising in the design, development, manufacturing, distribution and sales of computerised gaming machines and systems products. In 2008, it entered into an agreement with MGM to design and develop a server-based gaming floor to support City Center, MGM's largest casino resort located in Las Vegas, Nevada (Trumpa, 2008) . As the project began, the initial plan was to use City Center to introduce to the gaming industry the possibilities of a fully networked floor utilising server-based technology to manage the casino operations and the user experience. Although the product would be available to any gaming business around the world, the main focus was for MGM as the introduction of technology. It is important to remember that the gaming industry is highly regulated. While each jurisdiction has their own regulatory requirements, they rarely change but they must be linked to verify compliance.
Using this as a high-level explanation the team would prioritise the requirements characteristics creating the ability to analyse the methods based on a weighted means. The value weights are presented in Table 4 .
With this information, the appropriate RE method or combination of methods can be identified by using the weighted average method presented in Table 5 . This analysis shows the comparison of the different RE methods statistical processing, and data-based approach are the most suitable in terms of developing requirements that meet most of the characteristics of good requirements. It also shows that rapid prototyping and an agentbased approach are the least suitable. This analysis supports the existing environment where there is little need to model or prototype features as the new development documented standards. The foundation of server-based gaming and the feature set was designed simply to automate and coordinate existing capabilities.
Nine months later, the economy and the environment had changed. MGM was struggling to secure funding to complete their project (Stoller, 2009 ) forcing IGT to reevaluate its market and its strategy for introducing their server-based product. The focus of a large enterprise environment was shifted to allow for many diverse smaller implementations in environments addressing the needs of many different stakeholders (IGT, 2009) . This change highlighted the need accept rapidly changing requirements in addition to the regulatory requirements. These requirements enabled customers to offer their customers customisable offerings making each installation unique. Table 6 shows the changes in weighting factors and Table 7 shows the impacts of those changes on the requirements methods. The analysis shows the operations-based approach is best suited for the changing environment that requires consistency and traceability. When IGT went from a single customer within a large enterprise utilising enterprise servers and systems to manage their operations of 10,000 machines to a customer base of a 1,000's with smaller installations of 100 machines, the focus shifted to providing unique and customisable offerings to each installation. Rapidly changing requirements, short market window, return on investment, rapidity in development process and complexity of the system are some of the factors that could determine the importance of a characteristic of requirements of the system under consideration. The previous case study demonstrates the process of comparing the different RE methods and selecting the one most appropriate for the given system and its environment. This analysis can be used for evaluating the different RE methods, for selecting the suitable RE method, and for developing a tailored RE method that could be a combination of existing RE methods. As the case study shows, the system and its environment play a significant role in choosing the appropriate RE method.
Conclusions
When the development environment allows or encourages the appropriate method to be selected and supports changing the method based on variations in the environmental conditions, it is important that the technology selected to manage the requirements supports those changes.
One aspect of the authors' analysis which has not been discussed to this point is the use of the supporting requirements management tools. The tool sets that support such processes are sophisticated and complex since the nature of the material for which they are responsible is finely detailed, time sensitive, highly internally dependent and can be continuously changing (INCOSE, 2009 ). The International Council on Systems Engineering (INCOSE) sponsored a survey of the requirements tools available on the market. The effort began in the late 1990s and is managed by the Tools Database Working Group of INCOSE (Hammer and Huffman, 1998) . The database accessed through the website shows the collection of tools the vendors' responses to the survey questions of compliance and features of the tool or tool sets.
RE is an important activity within the system development process. There are many parts to RE, namely, collection of requirements, selection of a suitable RE method, synthesis and analysis, prioritising, use of tools and techniques, etc. Therefore, in order to develop good system requirements it is important that we focus on all these aspects of RE. IEEE 1233 provides excellent guidance on the need and the methodology of developing good requirements and as a result strengthens the front-end of system development which is the most crucial aspect for controlling costs and risks. The authors have proposed their 'Eff-REM QChar' framework for applying the IEEE 1233 guidelines towards effective selection of a RE method and the benefits from such an approach. Similar approaches can go a long way in controlling the inefficiencies of an RE process and containing the cost of errors and resulting rework.
